Gain of the long arm of chromosome 17 (17q) is a cytogenetic hallmark of high-risk neuroblastoma, yet its contribution to neuroblastoma pathogenesis remains incompletely understood. Combining whole-genome and RNA sequencing of neuroblastomas, we identified the prohibitin (PHB) gene as highly expressed in tumors with 17q gain. High PHB expression correlated with poor prognosis and was associated with loss of gene expression programs promoting neuronal development and differentiation. PHB depletion induced differentiation and apoptosis and slowed cell cycle progression of neuroblastoma cells, at least in part through impaired ERK1/2 activation. Conversely, ectopic expression of PHB was sufficient to increase proliferation of neuroblastoma cells and was associated with suppression of markers associated with neuronal differentiation and favorable neuroblastoma outcome. Thus, PHB is a 17q oncogene in neuroblastoma that promotes tumor cell proliferation and dedifferentiation.
Introduction
Neuroblastoma is a childhood tumor that arises from developing neural crest cells of the sympathetic nervous system and is characterized by a broad range of clinical behaviors (1) . Although low-risk disease is readily treated with standard chemotherapy regimens or surgery and some tumors regress spontaneously, relapses are common, and fewer than half of all patients with high-risk disease survive longer than 5 years after diagnosis (2, 3) . The genomes of primary neuroblastoma tumors are characterized by a relative paucity of somatic mutations, making identification of tumor-specific genetic targets a challenge (4) . Gain of the long arm of chromosome 17 (17q) has long been recognized as the most common cytogenetic abnormality of high-risk neuroblastoma and is present in over 60% of tumors (5) . Gain of 17q21 extending to 17qter correlates with poor prognosis, though the causes and consequences of 17q21-qter segment gain remain largely elusive (5, 6) . One gene in this region with several known roles in cancer pathogenesis is prohibitin (PHB) (7) . PHB and its homolog, PHB2, comprise the PHB family of proteins and may function as monomers, as homo-and heterodimers, or as a hetero-oligomeric ring complex in mitochondria (8) . High expression of PHB is observed in a variety of cancers, including non-small cell lung cancer, pancreatic ductal adenocarcinoma, and gallbladder tumors (9) (10) (11) . Moreover, cancer cells expressing high levels of PHB show an enhanced capacity for migration and invasion, cellular qualities associated with metastatic disease (12, 13) . Notably, it was recently reported that PHB is required for dictating the directionality of invasive colorectal cancer cells (14) . Although PHB has been extensively characterized in adult tumors, its role in pediatric cancers remains undefined. Because patients with disseminated disease have poor outcomes among neuroblastoma cases (1, 15) , the identification and targeting of factors involved in migration, invasion, and metastasis are urgent.
Gain of the long arm of chromosome 17 (17q) is a cytogenetic hallmark of high-risk neuroblastoma, yet its contribution to neuroblastoma pathogenesis remains incompletely understood. Combining whole-genome and RNA sequencing of neuroblastomas, we identified the prohibitin (PHB) gene as highly expressed in tumors with 17q gain. High PHB expression correlated with poor prognosis and was associated with loss of gene expression programs promoting neuronal development and differentiation. PHB depletion induced differentiation and apoptosis and slowed cell cycle progression of neuroblastoma cells, at least in part through impaired ERK1/2 activation. Conversely, ectopic expression of PHB was sufficient to increase proliferation of neuroblastoma cells and was associated with suppression of markers associated with neuronal differentiation and favorable neuroblastoma outcome. Thus, PHB is a 17q oncogene in neuroblastoma that promotes tumor cell proliferation and dedifferentiation.
Furthermore, recent whole-genome sequencing of paired diagnostic and relapse neuroblastomas identified mutations leading to activation of the RAS/MAPK pathway as a frequent genetic feature of relapse and high-risk tumors (16) . Among these mutations are inactivating mutations in the tumor suppressor neurofibromin 1, a repressor of RAS activity, as well as activating mutations in neuroblastoma RAS (NRAS) and the receptor tyrosine kinase anaplastic lymphoma kinase (ALK) (16, 17) . PHB has been reported to contribute to RAS/MAPK signaling by facilitating the activation of c-RAF by RAS in HeLa and CL1-0 cells (18) . Several studies have sought to target PHB as a means of reducing signaling through the MAPK pathway to inhibit the migratory capacity or growth of T cell leukemia, pancreatic cancer, gallbladder cancer, and lung cancer cells (10, 11, 19, 20) . Here, we present evidence that PHB contributes to features of high-risk neuroblastoma tumors with 17q gain, such as enhanced proliferation, and promotes a state of cellular dedifferentiation. PHB-mediated activation of ERK in neuroblastoma cells may represent a therapeutic target for patients with tumors harboring activating RAS/MAPK pathway mutations.
Results
PHB is highly expressed in neuroblastomas with 17q gain, and its expression is associated with loss of neural differentiation gene expression. Although 17q-21qter gain has long been recognized as a feature of high-risk neuroblastoma, its contribution to neuroblastoma pathogenesis has largely remained elusive. Based on prior studies that link the 17q gene PHB to breast, gallbladder, and pancreatic cancers, we hypothesized that PHB might contribute to the effects of 17q gain in neuroblastoma (7, 10, 11) . To test whether PHB is gained and expressed highly in 17q-gained neuroblastoma, we analyzed previously acquired whole-genome sequencing data of 56 pairs of neuroblastoma and normal lymphocyte controls to analyze copy number variations affecting chromosome 17 (21) . Consistent with previous reports in breast cancer (22, 23) , PHB was gained in the majority of neuroblastomas with copy number gains on 17q ( Figure 1A ). Moreover, in agreement with prior reports (5, 6), patients whose tumors had 17q gain had significantly poorer overall survival than patients with no or whole 17 chromosome gain (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127130DS1). High-throughput mRNA sequencing of the same tumors revealed that patients with elevated tumor PHB expression had significantly worse survival than those with lower expression ( Figure 1B ). In addition, expression of PHB was significantly elevated in tumors with 17q gain compared with tumors with no or whole 17 chromosome gain ( Figure 1C ). Publicly available neuroblastoma data sets corroborated the correlation between high PHB expression and poor prognosis and the association between 17q gain and elevated PHB transcript levels (Supplemental Figure 1 , B and C).
Given the pleiotropic nature of PHB cellular function, including contributions to mitochondrial function, signal transduction, and gene expression regulation (18, 24) , we hypothesized that differences in PHB expression would be associated with diverse changes in gene expression programs. To determine gene expression changes associated with high levels of tumor PHB, we assessed differences in gene expression between tumors with low and high PHB transcript levels. Gene expression differed significantly between the 2 groups ( Figure  1D ), and several genes implicated in neuronal differentiation and favorable prognosis, such as neuronal growth regulator 1 (NEGR1), nerve growth factor (NGF), and hairy and enhancer of split 1 (HES1), were upregulated in patients with low PHB (refs. 25-27 and Figure 1E ). Gene ontology (GO) analysis revealed significant differential gene expression in programs governing neuron differentiation and neurogenesis ( Figure 1F ). Moreover, gene set enrichment analysis (GSEA) demonstrated enrichment and upregulation of gene sets involved in neuronal differentiation and development in tumors with low PHB expression ( Figure 1G ). Thus, PHB is commonly gained and highly expressed in neuroblastomas with 17q gain, and elevated PHB expression is associated with gene expression programs that promote the growth and dedifferentiation of neuroblastoma cells.
PHB is expressed in neuroblastoma cell lines and is required for cell survival and cell cycle progression. PHB is reported to localize to several subcellular compartments to carry out its diverse functions, including the nucleus, mitochondria, and plasma membrane (18, 24, 28) . To further delineate the role of PHB in neuroblastoma cells, we assessed its subcellular localization by immunofluorescence. PHB was found to localize primarily in the cytoplasm and mitochondria, as indicated by colocalization with cytochrome c oxidase subunit 4 (COX4) (29) , while little PHB was detected in the nucleus, as indicated by colocalization with DAPI ( Figure 2, A and B) . Site-specific phosphorylation of PHB has been implicated in regulating its function (30) . Phosphorylation of PHB at threonine 258 has been found to contribute to activation of c-RAF by RAS. In addition, increased levels of PHB T258 phosphorylation can augment signaling through the ERK pathway and increase the migratory capabilities of cancer cells (12, 18) . PHB T258 phosphorylation was detected in a panel of 8 neuroblastoma cell lines ( Figure 2C ; see complete unedited blots in the supplemental material), though levels of phosphorylated PHB T258 did not correlate with levels of phosphorylated ERK1/2 (Supplemental Figure 2) , suggesting that this modified PHB participates in MAPK pathway-independent functions. Indeed, PHB T258 phosphorylation is also reported to facilitate the targeting of PHB to mitochondria (31) . The detection of PHB T258 phosphorylation in neuroblastoma cells nonetheless presents the possibility that PHB may augment c-RAF activation in these cells. Moreover, ERK and its activated phosphorylated form was detected in these cells, consistent with basal activation of ERK signaling in neuroblastoma cell lines ( Figure 2C ). This led us to hypothesize that PHB may contribute to ERK activation in neuroblastoma cells.
To test this hypothesis, we depleted PHB using shRNA interference in neuroblastoma cell lines. We used 3 independent shRNAs and observed depletion of PHB using Western blot analysis as compared with a control shRNA targeting GFP ( Figure 3A) . Depletion of PHB was associated with reduced phosphorylation of ERK1/2 at threonine 202 and tyrosine 204 (T202/Y204) in IMR-5/75 and NB01 cells by as much as 77% and 80%, respectively, with no significant effects on total levels of ERK1/2 proteins ( Figure 3A and Supplemental Figure 3 ). PHB knockdown in Kelly cells was not associated with reduction of levels of activated ERK, suggesting that the requirement of PHB for ERK activation is cell type specific (Supplemental Figure 4A ). PHB knockdown was not associated with changes in phosphorylation of c-RAF serine 338, a residue associated with c-RAF activation by RAS (refs. 32, 33, Figure 3A , and Supplemental Figure 3 ). Given that phosphorylation of other residues is important for c-RAF activation, notably tyrosine 341, threonine 491, and serine 494, the lack of reduction of serine 338 phosphorylation does not preclude impaired c-RAF activation after PHB knockdown. In addition, levels of PHB2 were found to decrease following knockdown, and we therefore cannot exclude that loss of PHB2 contributes to the observed phenotypes.
Given previous reports detailing the sensitivity of neuroblastoma cells to MEK inhibition and linking PHB to cellular survival (34, 35) , we hypothesized that PHB expression may contribute to neuroblastoma cell survival. Indeed, the viability of IMR-5/75, SH-SY5Y, GI-ME-N, and NB69 (Supplemental Figure  4 , B and C) cells was dramatically reduced following shRNA-mediated PHB knockdown. In addition, PHB knockdown impaired the proliferation of IMR-5/75 cells but not the proliferation of retinal pigment epithelial (RPE) cells, indicating that PHB is a neuroblastoma-specific dependency and is not required for the growth of untransformed cells ( Figure 3B and Supplemental Figure 4D ). Flow cytometric analysis revealed that knockdown led to accumulation of cells in the G 1 phase of the cell cycle and reduced the number of cells in the S and G 2 phases (Figure 3 , C and D, and Supplemental Figure 4 , E and F), a result consistent with a reduced proliferative phenotype and with the upregulation of antiproliferative gene expression programs. Importantly, expression of a recombinant PHB cDNA conjugated to a V5 epitope tag (PHB-V5) lacking the 3′ UTR sequence of PHB was able to significantly rescue the reduced viability of IMR-5/75 cells upon knockdown with a 3′ UTR-targeting shRNA ( Figure 3E ). Thus, loss of cell viability upon knockdown was mostly due to reduction in PHB transcript levels. Taken together, these results highlight the requirement of PHB for ERK activation as well as the survival and proliferation of neuroblastoma cells, the latter of which may in part be attributed to slowed cell cycle progression.
Prohibitin depletion leads to apoptosis and differentiation of neuroblastoma cells. Studies of PHB in mitochondria have delineated a role for the protein in regulating the mitochondrial apoptotic pathway and have demonstrated that pharmacological disruption of PHB leads to apoptosis (28, 36) . Given these results, we hypothesized that shRNA-mediated knockdown of PHB might induce apoptosis of neuroblastoma cells. In line with our hypothesis, Western blot analysis revealed increased levels of cleaved caspase-3 upon PHB knockdown but not in controls ( Figure 3A) . Moreover, flow cytometric analysis detected the formation of nicked DNA ends, an established marker of apoptosis (37) , following knockdown (Figure 3 , F and G, and Supplemental Figure 4G ). In addition to this evidence of apoptosis, neuroblastoma cells displayed marked morphological changes following knockdown, namely the formation of neurites ( Figure  4A and Supplemental Figure 4H ), a change that has been linked to the differentiation of neuroblastoma cells upon exposure to all-trans-retinoic acid (ATRA) (38) . Indeed, significant morphological changes associated with depletion of PHB have been reported in epithelial and pancreatic cancer cells (10, 18) . This differentiation phenotype was further supported by the increased expression of neurotrophic receptor tyrosine kinase 1 (NTRK1) and nerve growth factor receptor (NGFR) ( Figure 4B ), markers associated with neuronal differentiation and favorable patient outcome (23, 39) . These morphological and molecular signs of differentiation are in line with analysis of RNA-Seq of patient tumors, through which we found upregulation of prodifferentiation gene expression programs in tumors with low PHB expression ( Figure  1G ). To assess whether similar changes in gene expression could be observed in cells depleted of PHB, we performed RNA-Seq of cells after PHB knockdown. Gene expression after knockdown differed significantly compared with controls ( Figure 4C ). Notably, NTRK1 and NGFR were among the most differentially upregulated genes in PHB-knockdown cells, findings we validated by qRT-PCR ( Figure 4B ). The most significantly different GO category between the 2 groups was positive regulation of cell differentiation ( Figure  4D ), and GSEA analysis revealed that neural differentiation gene expression programs were upregulated in PHB-knockdown cells while cell cycle regulation was downregulated ( Figure 4E and Supplemental Figure  4I ). These results suggest that PHB contributes to the regulation of neuroblastoma cell differentiation and that high expression of PHB promotes tumor dedifferentiation.
Ectopic expression of prohibitin promotes proliferation and dedifferentiation of neuroblastoma cells. To assess the effects of high PHB expression on neuroblastoma, we ectopically expressed PHB-V5 in IMR-5/75 and SH-SY5Y neuroblastoma cell lines. Western blot analysis confirmed stable expression of PHB-V5 in these cells ( Figure 5A ). Expression of PHB-V5 was sufficient to increase phosphorylation of c-RAF at serine 338 in IMR-5/75 cells but not in NB01 or SH-SY5Y cells. PHB-V5 expression was not sufficient to increase phosphorylation of ERK1/2 at T202/Y204 in any of the three cell lines tested (Supplemental Figure 5 ). Given that expression of ectopic PHB targeted to the plasma membrane has been reported to increase ERK activation (12) , this result suggests that PHB-V5 is not completely targeted to the plasma membrane and likely also localizes to other compartments, such as the mitochondrion. Ectopic PHB expression dramatically increased the rate of IMR-5/75 cell proliferation ( Figure 5B ), a finding consistent with a role for PHB in cell cycle regulation (Supplemental Figure 4I) . Because previous studies have implicated PHB in cell migration and invasion (10-12, 14, 18, 20) , we assessed the ability of ectopic PHB expression to promote a migratory phenotype in neuroblastoma. PHB-V5-expressing cells displayed enhanced migration relative to controls as assessed by the scratch assay ( Figure 5C and Supplemental Figure 6C ). Given that PHB-V5 increased the proliferation of neuroblastoma cells, we cannot exclude the effects of increased cell numbers on the apparent increase in migration we observed. In addition, Figure 5D , and Supplemental Figure 6A ). A similar morphological and growth phenotype was observed in NB01 cells (Supplemental Figure 6B ). This dedifferentiated phenotype was further substantiated by downregulation of NTRK1 and NGFR upon PHB-V5 expression ( Figure 5E and Supplemental Figure 6D ). Thus, PHB is able to promote proliferation and dedifferentiation of neuroblastoma cells. 
Pharmacological targeting of PHB is sufficient to promote differentiation and reduce ERK activation of neuroblastoma cell lines in vitro and in a patient-derived ALK-mutant neuroblastoma xenograft in vivo.
Given our findings that PHB overexpression was associated with several malignant features of neuroblastoma, including proliferation and dedifferentiation, we asked whether pharmacological disruption of PHB might help counter these processes. Rocaglamide A (RocA) can bind to PHB and has been reported to inhibit ERK activation and the growth and migration of a variety of cancer cells, including pancreatic cancer, non-small cell lung cancer, T cell leukemia, and melanoma (10, 19, 20, 42) . Although RocA has been reported to bind other molecules in addition to PHB, such as the translation factor eukaryotic initiation factor 4A (EIF4A) (43) , and to inhibit autophagy in non-small cell lung cancer cells (44), we reasoned that its effects on PHB might prove useful in assessing the feasibility of inhibiting ERK activation in neuroblastoma in the absence of a more specific PHB inhibitor. All neuroblastoma cell lines tested exhibited greater sensitivity to RocA treatment than RPE cells, and all neuroblastoma cell lines except for GI-ME-N exhibited greater sensitivity than VH7 fibroblast cells, suggesting that RocA exhibits tumor-specific antiproliferative effects ( Figure 6A and Supplemental Figure 7, A and B) . In addition, RocA treatment led to reduced ERK phosphorylation in IMR-5/75 and GI-ME-N cells 24 and 48 hours after treatment and to a more modest reduction in phosphorylated ERK in NB69 cells 48 hours after treatment ( Figure 6B and Supplemental Figures 8 and  9 ). RocA treatment did not reduce phosphorylated ERK at any tested time point in SH-SY5Y cells (Supplemental Figures 8 and 9 ). In addition, RocA treatment reduced c-RAF phosphorylation in IMR-5/75 and NB69 cells 24 hours after treatment (Supplemental Figure 10, A and B) . The sensitivity of SH-SY5Y cells to RocA in the absence of a detectable reduction in ERK activation likely reflects a MAPK-independent effect of RocA. To test whether RocA induces similar gene expression changes as genetic PHB depletion, we performed RNA-Seq on IMR-5/75 cells following RocA treatment. As with our findings in patient tumors with low PHB expression and in PHB-depleted cells, there were significant changes in gene expression between cells treated with RocA and controls ( Figure 6C ). Differentially expressed GO terms included regulation of neurogenesis, cell fate commitment, and cell morphogenesis involved in neuron differentiation ( Figure 6D ). GSEA revealed enrichment and upregulation of gene sets governing differentiation, development, and cell death in cells treated with RocA ( Figure 6E ). Because of recent interest in MEK inhibition as a therapeutic strategy for neuroblastomas with MAPK pathway mutations (35, 45) , and our data indicating that PHB is required for ERK activation, we hypothesized that RocA and trametinib, an MEK inhibitor previously studied in neuroblastoma (16), could exhibit synergistic antineuroblastoma effects. Treatment of 2 ALK-mutant cell lines, Kelly and SH-EP, with RocA and trametinib revealed strong synergy between the compounds as assessed using excess over Bliss analysis ( Figure 7A ). Because ALK is known to activate ERK in cancers including neuroblastoma, this finding suggests that pharmacological targeting of PHB is a promising therapeutic avenue for MAPK-dependent neuroblastoma (46, 47) . The ability of RocA to inhibit ERK and synergize with trametinib in vitro led us to test this approach in mice harboring ALK-mutant neuroblastoma patient-derived xenografts ( Figure 7B ). RocA treatment was effective in reducing levels of phosphorylated ERK ( Figure 7C ). Intriguingly, RocA treatment was as effective as trametinib at doses used in previous reports in reducing ERK phosphorylation ( Figure 7C and Supplemental Figure 11 ). Consistent with their synergistic effects in vitro, combining RocA with trametinib led to loss of detectable ERK activation ( Figure 7C ). Because of mouse weight loss, perhaps owing to RocA effects on protein translation (Supplemental Figure 12A) , in vivo treatment was halted after monitoring tumor growth for 4 days (Supplemental Figure 12B) . In summary, we find that PHB is a compelling target for blocking ERK activation in MAPK-dependent and ALK-mutant neuroblastomas.
Discussion
Here, we have found that the PHB gene is highly expressed in neuroblastomas harboring gains on 17q and that elevated PHB expression correlates with poor prognosis. High PHB expression in tumors was associated with the suppression of genes controlling the differentiation of neural cells. Depletion of PHB promoted differentiation, cell cycle arrest, and apoptosis and reduced ERK activation in 2 of 3 neuroblastoma cell lines tested. Overexpression of PHB was sufficient to enhance proliferation and dedifferentiation. Further, pharmacological targeting of PHB was lethal to neuroblastoma cells, promoted differentiation, and inhibited ERK activation in vitro and in an ALK-mutant neuroblastoma xenograft in vivo, suggesting that PHB represents a promising therapeutic target in high-risk, MAPK-dependent neuroblastomas. Given these findings, further research is warranted to fully substantiate the role of PHB in MAPK pathway activation in neuroblastoma.
The relatively low mutational burden of neuroblastomas has inspired efforts to identify nonmutational events driving disease pathogenesis, including gene and chromosomal copy number variations, such as 17q gain. Our finding that elevated PHB in neuroblastomas was associated with 17q gain and dedifferentiation of neuroblastoma, with our experimental evidence linking PHB to a dedifferentiated phenotype in vitro, suggests a connection between PHB, 17q gain, and unfavorable, undifferentiated neuroblastoma (48) . With the understanding that neuroblastoma arises from embryonic neural crest cells that fail to terminally differentiate (49) , much effort has been exerted in identifying therapies to induce neuroblastoma differentiation. ATRA and 13-cis-retinoic acid are 2 clinically important compounds used to treat neuroblastoma by inducing differentiation (50) (51) (52) . However, retinoid therapy is often ineffective in treating high-risk cases, and patients may become resistant to retinoids because of amplification of the MYCN protooncogene (50, 53) , necessitating the identification of new therapeutic targets to promote differentiation. Our finding that depletion of PHB induced morphological changes similar to ATRA treatment and promoted prodifferentiation gene expression programs suggests that PHB is one such candidate target for therapeutic neuroblastoma differentiation (38) . These findings are in line with a previous report detailing loss of PHB protein levels following ATRA-induced differentiation of SK-N-SH neuroblastoma cells (54) . Future studies should explore the mechanism by which PHB suppresses differentiation in neuroblastoma to better exploit its therapeutic potential.
Furthermore, the ability to sequence complete genomes of healthy and diseased tissues has led to the development of rational therapies tailored to target disease-specific mutations. Recent sequencing efforts of relapsed neuroblastoma have inspired the development of therapies targeting the RAS/MAPK pathway, mutations in which are enriched in relapsed disease (16, 35, 45) . The results of our RocA and MEK inhibitor treatment of an ALK-mutant neuroblastoma patient-derived xenograft present PHB as a compelling therapeutic target for blocking oncogenic signaling in vivo. Although combination of RocA with trametinib treatment resulted in some mouse toxicity, an effect that might be attributed to additional effects of RocA, such as inhibition of protein translation through binding EIF4A (43), it is conceivable that molecules with greater specificity for targeting PHB might prove effective in blocking oncogenic signaling while having a more favorable toxicity profile. Interestingly, it has been reported that inhibition of EIF4A with the small molecule FL3 synergizes with trametinib treatment in melanoma cells (55) . Further research is therefore needed to establish whether the observed synergism between RocA and trametinib is due to effects on PHB, EIF4A, or both proteins.
Although it is plausible that loss of PHB at the plasma membrane contributes to the upregulation of prodifferentiation gene expression, increased apoptosis, and impaired cell cycle progression, we cannot exclude that loss of PHB in other subcellular compartments contributes to these phenotypes. Although PHB T258 phosphorylation was abundantly detected in neuroblastoma cell lines, a lack of positive correlation between PHB phosphorylated T258 levels and phosphorylated ERK levels implies that a substantial quantity of this modified PHB is involved in MAPK pathway-independent functions. Indeed, it has been demonstrated that phosphorylation of T258 can induce translocation of PHB from the cytoplasm to mitochondria, where it promotes proliferation in bladder cancer cells (31) . Furthermore, because our immunofluorescence analysis demonstrated significant quantities of PHB in the mitochondria of neuroblastoma cells, it is highly likely that mitochondrial PHB plays a significant role in neuroblastoma physiology. PHB has been shown to regulate the proteolytic processing of mitochondrial dynamin-like GTPase (OPA1), a key mediator of the mitochondrial apoptotic pathway and regulator of mitochondrial morphology. Loss of PHB promotes the processing of OPA1 into its short isoform, rendering cells sensitive to apoptotic stimuli by enabling the release of cytochrome c and impairing mitochondrial fusion (28, 56) . It is likely that the increased apoptosis we observed following PHB knockdown was due to enhanced processing of OPA1 into its short isoform. In addition, mitochondrial morphology and fission-fusion dynamics have been implicated as determinants of cellular differentiation states. Interestingly, increased mitochondrial fission is reported to be associated with proliferation and invasiveness of cancer cells and dedifferentiation of stem cells (57, 58) . Because increased PHB in mitochondria is predicted to suppress fission, it is possible that the enhanced proliferation and dedifferentiation of neuroblastoma cells expressing high levels of PHB are due to nonmitochondrial functions of the protein. Further research is necessary to determine whether PHB appreciably alters fission-fusion dynamics in neuroblastoma and whether these dynamics are associated with the aforementioned phenotypes.
Our observation that PHB knockdown resulted in accumulation of cells in the G 1 phase of the cell cycle with concurrent decreases in G 2 /M and S phases suggests that PHB plays a role in the G 1 /S transition in neuroblastoma cells. Cyclin D1 is capable of shortening the G 1 phase and promoting the transition to S phase in response to mitogenic signaling through the MAPK pathway (59, 60) . It possible that the apparent G 1 arrest we observe in IMR-5/75 cells after PHB knockdown is due to impaired ERK activation in these cells. Indeed, previous reports have noted that both siRNA-mediated depletion of PHB and RocA treatment results in G 1 phase arrest and reduced cyclin D1 levels in Jurkat cells and in non-small cell lung cancer cells (19, 20) .
Finally, although the results of our scratch assays suggest a role for PHB in neuroblastoma cell migration and add to the increasing evidence implicating the gene in cancer cell metastasis (10-12, 14, 20) , the confounding effects of increased proliferation after PHB-V5 expression necessitate further research to define PHB as a promoter of neuroblastoma cell migration. The poor outcomes of patients with metastatic neuroblastoma make the identification of new targets, such as PHB, extremely important (1, 15) , and future studies are warranted to assess whether PHB is indeed a viable target for suppressing this highly malignant process.
Methods
Reagents. Oligonucleotide primers were obtained from Eurofins Genomics. Please see Supplemental Table 2 for a complete list of oligonucleotide primers used in this study. Sequences of NTRK1 and NGFR qRT-PCR primers were obtained from Dzieran et al. (39) . HPRT1 qRT-PCR primers were a gift from Cornelia Eckert (Charité-Universitätsmedizin Berlin, Berlin, Germany). Please see Supplemental Table 3 for a complete list of plasmid vectors used in this study. pLX304 was a gift from David Root (Addgene plasmid 25890) (61) . Please see Supplemental Table 4 for a complete list of antibodies used for Western blotting and immunofluorescence.
Cell culture. Human tumor cell lines were obtained from the American Type Culture Collection. The identity of all cell lines was verified by short tandem repeat genotyping (Genetica DNA Laboratories). The absence of Mycoplasma sp. contamination was determined using a Lonza MycoAlert system. Neuroblastoma cell lines were cultured in RPMI-1640 medium (Thermo Fisher Scientific) supplemented with penicillin, streptomycin, and 10% FCS (Thermo Fisher Scientific). RPE cells were cultured in DMEM (Thermo Fisher Scientific) supplemented with penicillin, streptomycin, and 10% FCS. To assess the number of viable cells, cells were trypsinized, resuspended in medium, and sedimented at 500 g for 5 minutes. Cells were then resuspended in medium, mixed in a 1:1 ratio with 0.02% trypan blue (Thermo Fisher Scientific), and counted with a Bio-Rad TC20 cell counter.
Lentivirus production and cell transduction. Lentivirus production was carried out as previously described (62) . In brief, HEK293T cells were transfected with TransIT-LT1 (Mirus) in a 2:1:1 ratio of the lentiviral vector and psPAX2 and pMD2.G packaging plasmids (Addgene), according to the manufacturer's instructions. Viral supernatant was collected 48 and 72 hours after transfection. Supernatant was pooled, filtered, and stored at -80°C. Neuroblastoma and RPE cells were transduced with virus particles in the presence of 8 μg/ml hexadimethrine bromide (Macherey-Nagel). Cells were transduced for 1 day in antibiotic-free medium and then grown in full medium for 1 day. Neuroblastoma cells were then selected for 2 days with puromycin hydrochloride (2 μg/ml) while RPE cells were selected for 2 days with 5 μg/ml puromycin.
Cell viability assays. Viability assays on cells were carried out 2 days following selection. Viability assays on cells treated with RocA (Active Biochem) and trametinib (Absource Diagnostics) were performed 72 hours after treatment. We seeded 500 cells per well in white, flat-bottom, 96-well plates (Corning). Cell viability was measured using CellTiter-Glo Luminescent Reagent according to the manufacturer's protocol (Promega). Luminescence was measured on a Promega GlowMax-Multi Detection System.
Western blotting. Whole-cell protein lysates were prepared by lysing cells in 15 mM HEPES, 150 mM NaCl, 10 mM EGTA, and 2% (v/v) Triton X-100 supplemented with cOmplete (Roche) and PhosStop (Roche) phosphatase inhibitors. Protein concentrations were assessed by BCA assay (Santa Cruz Biotechnology). For 10 minutes, 20 μg of protein was denatured in Laemmli buffer at 95°C. Samples were run on NuPage 10% polyacrylamide, 1 mm Bis-Tris Protein Gels (Thermo Fisher Scientific) and transferred to PVDF membranes (Roche). Membranes were blocked with 10% dry milk or 10% BSA (Carl Roth) in TBS with 0.1% (v/v) Tween-20 (Carl Roth). Membranes were probed with primary antibodies overnight at 4°C and then with secondary antibodies conjugated to horseradish peroxidase for 1 hour at room temperature (Supplemental Table  4 ). Mouse anti-prohibitin (E-5, sc-377037, Santa Cruz Biotechnology) was used for detection of prohibitin by Western blot. Chemiluminescent detection of proteins was carried out using Immunocruz Western blotting luminol reagent (Santa Cruz Biotechnology) and the Fusion FX7 imaging system (Vilber Lourmat). Densitometry was performed using ImageJ (NIH).
Immunofluorescence and colocalization analysis. Immunofluorescence analysis was carried out with assistance by the Molecular Cytology Core Facility at Memorial Sloan Kettering Cancer Center. Cells were plated on a 4-well, glass millicell EZ slide (MilliporeSigma) and fixed in 4% paraformaldehyde. Slides were stained using a Ventana XT automated immunohistochemical staining machine. Permeabilization was carried out according to the Ventana XT manufacturer's protocol. Cells were blocked in 10% NGS with 2% BSA in PBS for 30 minutes. Cells were incubated with primary antibodies for 5 hours and then incubated with secondary antibodies for 32 minutes. Cells were washed with PBS before imaging. Rabbit anti-prohibitin (sc-28259, Santa Cruz Biotechnology) was used for detection of prohibitin by immunofluorescence and was used at a concentration of 2.5 μg/ml. COX4 antibody (Cell Signaling Technology, 4844) was used at a concentration of 1.2 μg/ml. Confocal images were acquired using a Leica TCS SP5 II (Leica Microsystems). Colocalization analysis was performed using ImageJ (NIH). First, the total coverage area of PHB, COX4, and DAPI was quantified. Next, PHB images were merged with COX4 and DAPI images separately to determine the area of overlap. The threshold tool was used to identify and quantitate the area of overlap above the nonoverlapped signal.
qRT-PCR. qRT-PCR was performed using 50 ng of template DNA and 0.5 μM primers (Supplemental Table 2 ) with SYBER Green PCR Master Mix (Thermo Fisher Scientific) in FrameStar 96-well plates (4titude). Reactions were run and monitored on a StepOnePlus Real-Time PCR System, and Ct values were calculated with StepOne Plus software (Thermo Fisher Scientific).
iCelligence. Ten thousand cells were seeded in each well of E-Plate L8 disposable plates (ACEA Biosciences) and used on the RTCA iCelligence system (ACEA Biosciences) for reading of impedance measurements. Each condition was monitored in duplicate. Cells transduced with PHB-V5 or empty vector were monitored for 96 hours. Cells transduced with shPHB 1-3 or shGFP (Dharmacon Inc.) were monitored for 200 hours.
Flow cytometry-based assays. One million cells were seeded in 10-cm dishes 24 hours before transduction with shRNA vectors (Addgene). Cells were fixed and stained 72 hours following transduction. Cell cycle progression was studied using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific). Double-strand break detection was performed by TUNEL using the APO-BrdU TUNEL Assay Kit (Thermo Fisher Scientific). Staining was performed according to the manufacturer's protocol. Cells were analyzed following staining on a BD LSR Fortessa flow cytometer (BD Biosciences).
Mound formation assays. Five hundred thousand cells transduced with either PHB-V5 or empty vector were seeded in each well of a 6-well plate and cultured for 24 hours. Mounds were then counted on an Axio Observer light microscope (Carl Zeiss). Mounds were defined as distinct clusters of cells observed to be growing on top of one another at distinct foci (i.e., not growing as an adherent monolayer).
Scratch assay. Twenty thousand cells transduced with either PHB-V5 or empty vector were seeded in both chambers of a 2-chambered removable silicone insert (Ibidi) placed in each well of a 6-well plate. After 24 hours of culture in serum-deprived medium, the inserts were removed to create a scratch and to mark the 0-hour time point. Scratch images were acquired with an Axio Observer light microscope (Carl Zeiss). Following 24 and 48 hours of incubation, scratch images were again acquired. The images were processed and the size of the scratches was quantified using the ImageJ (NIH) image processing program.
RNA-Seq. RNA-Seq of patient samples was carried out as described in Peifer et al., from which the data were obtained (21) . Total RNA was isolated from cells 72 hours after shRNA-mediated PHB knockdown or 24 hours after 50 nM RocA treatment. Libraries were sequenced on HiSeq 2000 v4 instruments with 2× 125-bp paired-end reads (Illumina). Libraries were mapped with STAR to GRCh38 using the Gencode v27 annotation (63) . Gene abundance was estimated using featureCounts in STAR, counting only alignments with both mates mapped and allowing for fractional counting of multi-mapping and multi-overlapping reads (63) .
Bioinformatic analysis. Differential expression analyses were performed with R software (version 3.4.0) and the dedicated package DESeq2 (64) . Genes were filtered out below a threshold of 2.5 reads per million reads. Normalization of counts among different samples was performed by the trimmed mean of M values method. The exactTest function was used to detect differential expression. GSEA on GO terms and Molecular Signatures Database gene set collections was done with the clusterProfiler R package using the overrepresentation test with the hypergeometric model to assess whether the number of selected genes associated with a GO term was larger than expected (65) .
Patient-derived xenograft treatment. Tumor fragments from an ALK-mutant tumor (see Supplemental  Table 1 for clinical characteristics of patient-derived xenograft) were transplanted into NMRI (nu/nu) mice (Experimental Pharmacology and Oncology, Berlin, Germany). Tumor growth was monitored with caliper measurements. Mice were randomized into 4 groups to receive trametinib (3 mg/kg, oral, n = 3), RocA (2.5 mg/kg, intraperitoneal injection, n = 4), trametinib with RocA (3 mg/kg; 2.5 mg/kg, oral; intraperitoneal injection, n = 4), or vehicle (oral; intraperitoneal injection, n = 3). Trametinib was administered once daily and RocA was administered once every 2 days. Mice were sacrificed by cervical dislocation 22 days after transplantation or when body weight loss exceeded 10% of baseline.
Availability of data and materials. Analyzed data are openly available at the Zenodo digital repository (doi:10.5281/zenodo.2567654). Whole-genome sequencing data of neuroblastoma tumors are deposited at the European Genome-phenome Archive (https://ega-archive.org/) under accession number EGAS00001308 (21) .
Statistics. All data analysis was performed using R software (version 3.4.0) or GraphPad Prism 7. Graphs were created using GraphPad Prism 7. Plotted data represent mean ± SD unless otherwise indicated. Differential gene expression analyses were performed using Wald's test and corrected for multiple testing using the method of Benjamini and Hochberg unless otherwise indicated (64, 66) . Genes with P values less than 0.001 were considered significantly differentially expressed.
Study approval. Written and informed consent was obtained for the use of the patient-derived xenograft sample in accordance with Charité-Universitätsmedizin Berlin guidelines. All in vivo patient-derived xenograft experiments were compliant with animal welfare guidelines defined by the Charité-Universitätsmedizin Berlin.
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